Magnesium alloys are potential biodegradable biomaterials in hard tissue implants. However, the fast degradation rate in the biological environment has hampered widespread applications. We propose to use a ZrO 2 coating in conjunction with a Zr transition layer to improve the corrosion resistance of AZ91 magnesium alloy. X-ray photoelectron spectroscopy discloses that the coating is composed of ZrO 2 . The Vickers hardness measurement demonstrates that the surface hardness of the alloy is significantly enhanced. The electrochemical behavior of the coated sample is systematically evaluated by means of potentiodynamic polarization, open-circuit potential evolution, and electrochemical impedance spectroscopy. The electrochemical results indicate that the corrosion resistance of the coated alloy is enhanced significantly, and the electrode-controlled processes in a coated alloy-solution system are discussed.
I. INTRODUCTION
Magnesium alloys are potential biodegradable biomaterials in hard tissue implants. However, the fast degradation rate in the biological environment has hampered widespread applications. 1−3 Some studies 4−6 also show that the dissolved magnesium ions may promote bonecell attachment and tissue growth on the implants. Unfortunately, pure magnesium and its alloys corrode too quickly at the physiological pH (7.4 ∼ 7.2) as well as in physiological media containing high concentrations of chloride ions, thereby losing mechanical integrity before tissues have sufficient time to heal. 1, 3, 7, 8 Various methods have been developed to improve the corrosion resistance of Mg alloys, such as alkali heat treatment, 9 plasma immersion ion implantation, 10 Ti coating, 11 high-purity magnesium coating, 12 and so on. One of the most effective ways to protect materials from the corrosion media is to coat the base materials. To provide adequate protection, the coating must be uniform, adhesive, free of pores, and corrosion resistant. 13 In biomedical applications, coatings must also possess favorable biocompatibility and, in some cases, desirable bioactivity. Good chemical and dimensional stability, mechanical strength, and toughness make zirconia an excellent ceramic biomaterial. In addition, favorable biocompatibility has been observed during clinical applications as well as in in vivo and in vitro experiments. 14−16 However, zirconia is generally considered a bio-inert ceramic because after implantation in the human body, it typically only shows morphological fixation with the surrounding tissues without producing any apparent chemical or biological bonds. 14 A recent study 14 has demonstrated that bone-like apatite can precipitate on the surface of zirconia thin film fabricated by a filtered cathodic arc-deposition system, and favorable cytocompatibility has also been observed. Some researchers 14, 15 have tried to deposit it onto metal implants by means of plasma spraying to improve the wear resistance and corrosion resistance. Compared to conventional physicalvapor-deposition techniques, the high kinetic energy and ionization rate (close to 100%) of the ions created in a cathodic arc process favor the formation of a dense and adhesive coating on a large area. This technique is thus a powerful, cost-effective, ion-based technique for depositing a myriad of metals, alloys, and compounds. 17 With regard to the direct deposition of zirconia coatings on Mg alloys, one of the problems is the high chemical reactivity of Mg. During deposition, as soon as magnesium contacts ionic oxygen species, a magnesium oxide layer forms on the surface, giving rise to detrimental effects on coating adhesion and protection. To overcome this problem, a pure zirconium transition layer is deposited prior to zirconia deposition onto AZ91 Mg alloy in our experiments reported here. The ZrO 2 -Zr bilayered coating is deposited using a cathodic arc-deposition system, and the various properties of the materials are systematically investigated.
II. EXPERIMENT DETAILS

A. Sample preparation
Commercial extruded AZ91 Mg alloys supplied by YiHo Corporation (Shenzhen, People's Republic of China) were used. The dimensions of the samples used in our experiments were 15 mm × 15 mm × 4 mm. They were ground with No. 4000 water-proof diamond paper followed by ultrasonic cleaning in alcohol. The ZrO 2 -Zr bilayer coating was fabricated on the die-cast AZ91 magnesium alloy using a filtered cathodic arc-deposition system at room temperature. Argon sputter cleaning was conducted using a bias voltage of 1000 V for about 30 min before deposition. A zirconium transition layer was first deposited for about half an hour followed by deposition of the zirconia coating for about 3 h at a bias voltage of 100 V.
B. Composition and microstructure
The phase composition of the deposited coating was identified by x-ray diffraction (XRD). X-ray photoelectron spectroscopy (XPS) was conducted to examine the chemical state of the as-deposited zirconia coating. The microstructure of the coating was observed by scanning electron microscopy (SEM) on a Hitachi (Tokyo, Japan) S4700 microscope. Both the cross-sectional and pan views were observed. The cross-sectioned specimen was mounted by resin, ground, and polished. The samples were gold coated before SEM observation.
C. Vickers hardness
The hardness of both the substrate and coating was measured by a Vickers hardness tester (Buehler Micromet 2103 Hardness Tester) (Buehler Ltd., Lake Bluff, IL). To acquire accurate results, loads of 5 and 1g, respectively, were used for measurements of the substrate and the deposited coating, and the loading duration was 10 s.
D. Electrochemical behavior
The electrochemical corrosion behavior of both the uncoated and as-coated AZ91 magnesium alloys in simulated body fluids (SBFs) ( Table I) 18 was investigated by open-circuit potential evolution (E corr -t), potentiodynamic polarization test, and electrochemical impedance spectroscopy (EIS) using Gamry Reference 600 (Gamry Instruments, Inc., Warminster, PA). A three-electrode cell with the sample as the working electrode, saturated potassium chloride electrode as the reference electrode, and platinum electrode as the counter-electrode was used. In the E corr -t test, changes in the open-circuit potential were monitored as a function of immersion time for about 100 ks. The data were recorded every 50 s. A 2 mV/s scanning rate was used in the potentiodynamic polarization test. The impedance data were recorded from 100 kHz to 10 mHz with a 10-mV sinusoidal perturbing signal at the open-circuit potential. The lowest frequency was set to 10 mHz to decrease the measurement time and potential noise interference. The EIS measurement may be affected by phase shifts from the potentiostat in the high-frequency region, and so the upper frequency limit was set at 100 kHz. 19 In the EIS measurement, the sample was immersed in the test solution until the final test had been completed. With regard to the analysis of the impedance data, the appropriate equivalent circuit (EC) that not only matched the physical structure of the measured electrode system but also was able to produce similar spectra was proposed. The values of the relevant components were fitted using the All of the electrochemical tests were carried out at room temperature.
III. RESULTS AND DISCUSSION
A. Composition and microstructure of the as-deposited coating
As shown in Fig. 1 , the zirconia formed at room temperature is amorphous. Hence, XPS is conducted to identify the elemental chemical states in the coating. The C 1s peak is chosen as the reference, and the results are displayed in Fig. 2 . Peaks corresponding to Zr, O, Ar, and C are observed. The presence of carbon is mainly due to surface contamination from the ambient environment after deposition. The high-resolution spectrum of the Zr 3d peak suggests that only one binding state, Zr 4+ , is present. The peaks at 183.3 and 185.7 eV correspond to Zr 3d5/2 and Zr 3d3/2, respectively. 20 According to the peak areas of O 1s and Zr 3d and the sensitive factors, a Zr/O ratio of close to 1 to 2 is obtained
The SEM micrographs on the as-deposited coating are displayed in Fig. 3 . The coating is observed to be uniform, dense, and pore free. The cross-sectional SEM micrographs in Fig. 4 indicate that the film is about 1.5 m thick, and again no pores or cracks are visible. A blurred interface is evident between the coating and substrate, which bodes well for good adhesion. The good quality of the deposited coating mainly results from the favorable characteristics of cathodic arc deposition as well as the bi-layered structure. Coatings prepared by conventional physical-vapor-deposition techniques are frequently inferior and have poor adhesion. Many of these shortcomings are the direct consequence of the low energy of the atoms arriving at the substrate during film growth. This situation can be improved if the energy of the incident atoms or ions increases. During filtered cathodic arc deposition, the high kinetic energy and ionization rate close to 100% produce coatings with superior properties, including, for example, excellent adhesion and high density. 17 In addition, the introduction of the Zr transition layer plays a critical role in the fabrication of the adhesive and uniform ZrO 2 coating. It serves to mitigate surface oxidation during deposition of the zirconia layer. 13 This transition layer can also buffer the stress that results from serious mismatch in mechanical properties between the Mg alloy substrate and ZrO 2 coating. Therefore, the bonding strength of the coating is improved. Our study shows that a ZrO 2 -Zr bilayered structure provides superior properties compared to a single zirconia coating.
B. Vickers hardness measurement
The Vickers hardness values determined from the AZ91 magnesium alloy substrate and the ZrO 2 -Zr bilayered coating deposited on an AZ91 magnesium alloy are displayed in Table II . The substrate has a very low hardness of about 57 HV. In contrast, the hardness of the coating of about 484 HV is much higher. The drastic improvement in the mechanical strength plays an important role, particularly in orthopedic implants.
C. Electrochemical behavior
When magnesium and its alloys are soaked in an aqueous corrosion media, the following reaction [Eq. (1)] takes place, forming MgO-Mg(OH) 2 as the corrosion product.
This material (layer) cannot provide sufficient protection to inhibit further dissolution of Mg. 21 The high degradation rates of magnesium alloys in SBF primarily stem from aggressive attack by chloride ions. 21 Chloride ions can transform the surface of Mg(OH) 2 into more soluble MgCl 2 . The dissolution of Mg(OH) 2 makes the surface more active, subsequently decreasing the protected area and causing the further dissolution of magnesium. Song and Atrens 21 also suspect that chloride ions are involved in the intermediate step of magnesium dissolution by accelerating the electrochemical reaction rate from magnesium to magnesium univalent ions. It should be noted that sulfates, phosphates, and carbonates in the SBF also corrode the materials, but to a lesser extent. 21 The representative potentiodynamic polarization curves acquired from the uncoated and coated samples are exhibited in Fig. 5 . Table III ) is about two orders of magnitude lower than that of the uncoated sample (9.68 × 10 −4 A/cm −2 ), indicating a much lower corrosion rate on the coated sample. Based on these results, the ZrO 2 -Zr bilayered coating can dramatically improve the corrosion resistance of AZ91 magnesium alloy.
The E corr indicates that electrochemical reactions take place at the electrode-solution interface. Variations in the E corr with immersion time can be used to study the corrosion processes at the electrode-solution interface. The potentials of the uncoated and coated AZ91 magnesium as a function of immersion time are shown in Fig. 6 . The E corr of the coated sample is much more positive than that of the untreated alloy, and the results are in good agreement with those obtained from the potentiodynamic polarization test. At the beginning of immersion, the potential of the uncoated sample increases quickly and then moves toward a nobler direction gradually and smoothly as time elapses. At the end of immersion, the potential tends to become constant. When the magnesium alloy is exposed to the corrosion medium, chemical dissolution together with electrolyte penetration results in spontaneous corrosion on the entire surface, leading to the formation of corrosion products. However, it is difficult for the corrosion products to precipitate in the microcathode (␤-phase) area where hydrogen is evolved. Due to the diffusion of OH − , the corrosion products precipitate mainly in the vicinity of the microanode (␣ phase). 19 As a result, the active region decreases and protection rendered by the corrosion products layer is enhanced progressively with longer exposure time. This is the reason why the E corr increases gradually with immersion time. Concomitant with the formation of the corrosion products, chloride ions in the SBF can transform the surface MgO-Mg(OH) 2 film into soluble MgCl 2 , as described above. The dissolution of Mg(OH) 2 makes the surface more active and decreases the protected area, consequently promoting further dissolution of magnesium. After immersion for a sufficiently long time, an equilibrium between the formation and dissolution of the corrosion products is established, as manifested by a constant potential. The smooth potential curve suggests a general corrosion process during immersion that is not very sensitive to localized corrosion. 22 For the as-coated sample, a rapidly increasing E corr can be observed during the early stage. This potentialtime relationship is probably related to the soaking process on the electrode surface and/or electrostatic effects that give rise to charges at the interface of the dual layer. 19 A drop in the potential appears at about 15 ks, indicating the presence of corrosion pits. Some fluctuations can be seen throughout immersion, indicating that it is difficult for the electrode process at the electrodesolution interface to achieve equilibrium. It may be attributed to changes in the surface states. 19 It is easier for the electrolyte to penetrate through the vulnerable region, and coating breakdown consequently occurs at these sites. The fluctuations in the potential probably stem from the penetration of the electrolytes as well as the nucleation of the metastable corrosion at these vulnerable sites, leading to breakdown.
EIS is a powerful technique for studying the corrosion of metals or coated alloys. It can provide a quantitative evaluation of the corrosion properties of the system that may be difficult using conventional electrochemical methods such as potentiostatic or potentiodynamic techniques. By appropriate interpretation of the EIS data with an EC, detailed information on the corrosion process at the electrolyte-electrode interface can be obtained. Furthermore, the EIS test does not appear to significantly accelerate the corrosion reaction and can also be conducted in situ nondestructively. This technique is more effective with regard to the study of localized corrosion via small pores. 19, 23 The representative EIS curves obtained from the as-coated sample as a function of immersion time in SBF are shown in Fig. 7 . From beginning of immersion, the electrode system shows two time constants, a capacitive loop at high and medium frequencies and an inductive loop at low frequencies. The highfrequency behavior of EIS is associated with electrolyte penetration, including water uptake and salt intrusion. The properties of the deposited coating and their alteration could be determined at relatively high frequencies. The capacitive loop generally results from charge transfer, film effects, as well as mass transfer. 19 Usually, the low-frequency region in EIS contains important information on the electrode-controlled process together with the contribution from localized defects to the overall impedance. 19 The presence of the pseudoinductive loop can probably be ascribed to the existence of relaxation processes involving the absorbed species at the vulnerable region, 23 indicating nucleation of the corrosion pits. 24 The EIS spectrum of uncoated alloy as a function of immersion time is displayed in Fig. 8 . From the beginning of immersion, three loops (a capacitive loop at high frequencies, a capacitive loop at medium frequencies, and a pseudoinductive loop at low frequencies) are present. During immersion into SBF, corrosion takes place on the entire surface, and a layer comprising the corrosion products forms quickly. The capacitive arcs are attributed to charge transfer, film effect, as well as mass transfer in corrosion products layer. 19 The inductive loop suggests dissolution and formation processes of the corrosion products layer at a vulnerable location. 25 As immersion continues further, the inductive loop becomes larger, implying a lower tendency for pitting corrosion due to the thickening corrosion product layer and progressively better protection effects at the vulnerable sites.
Taking the physical structure of the electrode system and its impedance response into account, the EC of the coated and uncoated Mg alloy-solution system are proposed and are shown in Fig. 9 . In the EC of the coated alloy, C c , one of the constant-phase-element (CPE) components, represents the capacitance of the intact deposited coating. R po is the resistance after pore or ionic conducting defect resistance. C dl, another component of CPE, is the capacitance of the double layer in vulnerable regions of the coating that are exposed to the bottom of electrolyte penetration paths. R t is the Faradic charge transfer resistance related to electrochemical reaction at the same region. R s is the solution resistance between the reference and working electrodes but has nothing to do with the electrode process. Its value depends on the conductivity of the test medium and the geometry of the cell. 19 As usual, R s is placed in series with other elements of the circuit. In the EC of the uncoated alloy, R t is parallel to the double-layer CPE, C dl , and a CPE, C f , is assigned to the corrosion product layer parallel to a film resistance, R f . The EIS-fitted results of the coated and uncoated samples are listed in Tables IV and V , respectively. Theoretically, the film capacitance is determined by the formula C ‫ס‬ ⑀ 0 ⑀ r S/d, where S is the area of the film, d is the thickness, ⑀ 0 and ⑀ r are the dielectric constants in the vacuum and of the film, and typically the film capacitance is on the order of 1 F/cm 2 that changes with ⑀ r , S, and d. 19 As shown in Table IV , the fitted results of C c fall into this range. It is noted that the values of C c increase to a small extent with prolonged immersion duration. This increase in C c is related to the enhancement of the dielectric constant of the deposited coating resulting from penetration of the electrolyte. Similarly, the capacitance of the double layer, C dl , falls into a typical metal-solution system, which varies from 10 to 100 F, 19 and no obvious changes can be observed with longer exposure time. R t is related to electrochemical reactions at the bottom electrolyte penetration paths. The higher the charge-transfer resistance, the lower the corrosion rate. At the beginning of immersion, the system shows high R t , implying high corrosion resistance of the coated alloy, and with further immersion R t decreases dramatically. It is known that physical vapor deposition coatings most often have growth defects as pores and pinholes through which corrosion attack to the substrate material takes place. This case is even more severe if the coated system is exposed to an aggressive environment, for instance Cl − containing corrosion media due to the strong effects of Cl − in promoting localized corrosion. Due to the much lower corrosion resistance of the magnesium substrate, once corrosion at vulnerable sites takes place, albeit tiny, serious corrosion of the Mg substrate occurs quickly, leading to the exfoliation of the coating in the vicinity, and the damaged site develops quickly. The fast drop in the R t value is linked to the corrosion media and is an indicator of the quality of the coating as the corrosion protection deteriorates with immersion time. Here, m and n are indices of the dispersion effect of the CPE components C c and C dl , respectively, representing their deviations from the ideal capacitance due to the inhomogeneity and roughness of the electrode on the microscale. The values of m and n are always 0 < m, n < 1. It is obvious that the values of m and n in our experiments are in this range. Due to poor protection by the corrosion products, the R f and R t values of the uncoated sample are quite low. With longer immersion time, R f and R t both increase to some extent because the product layer becomes thicker, as stated above. The layer is usually very loose and conductive, leading to a high C f of the corrosion product layer. No obvious changes in the C f value can be observed during the entire immersion process. It is noticed that the C dl of the uncoated alloysolution system also has the range typical of the metalsolution interface double-layer capacitance and increases with longer exposure time. The values of m, n in the fitted result also fall into the range from 0 to 1.
IV. CONCLUSION
A 1.5-m-thick ZrO 2 -Zr bilayered structure with good adhesion was deposited on the AZ91 magnesium alloy by cathodic arc deposition to improve the surface corrosion resistance. XPS results disclosed that the coating was composed of zirconia. The E corr of the coated sample in SBF was much nobler than that of the uncoated alloy. EIS measurements disclosed that the corrosion resistance of the coated alloy was significantly improved. However, electrolyte penetration deteriorated the protection of the coating significantly after long exposure in SBF. 
